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Available online 30 July 2013Abstract Pluripotency is maintained by both known and unknown transcriptional regulatory networks. In the present study,
we have identified Zfp819, a KRAB-zinc finger protein, as a novel pluripotency-related factor and characterized its role in
pluripotent stem cells. We show that Zfp819 is expressed highly in various types of pluripotent stem cells but not in their
differentiated counterparts. We identified the presence of non-canonical nuclear localization signals in particular zinc finger
motifs and identified them as responsible for the nuclear localization of Zfp819. Analysis of the Zfp819 promoter region
revealed the presence of a transcriptionally active chromatin signature. Moreover, we confirmed the binding of pluripotency-
related factors, Oct4, Sox2, and Nanog to the distal promoter region of Zfp819, indicating that the expression of this gene is
regulated by a pluripotency transcription factor network. We found that the expression of endogenous retroviral elements
(ERVs) such as Intracisternal A Particle (IAP) retrotransposons, Long Interspersed Nuclear Elements (LINE1), and Short
Interspersed Nuclear Elements (SINE B1) is significantly upregulated in Zfp819-knockdown (Zfp819_KD) cells. In line with the
activation of ERVs, we observed the occurrence of spontaneous DNA damage in Zfp819_KD cells. Furthermore, we tested
whether Zfp819 can interact with KAP1, a KRAB-associated protein with a transcriptional repression function, and found the
interaction between these two proteins in both in vitro and in vivo experiments. The challenging of Zfp819_KD cells with DNA
damaging agent revealed that these cells are inefficient in repairing the damaged DNA, as cells showed presence of γH2A.X foci
for a prolonged time. Collectively, our study identified Zfp819 as a novel pluripotency-related factor and unveiled its function
in genomic integrity maintenance mechanisms of mouse embryonic stem cells.
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Embryonic stem cells (ESCs) display a unique characteristic
of pluripotency, namely, the maintenance of self-renewal
as well as the potential to differentiate into diverse cell
types of all three germ layers (Dejosez and Zwaka, 2012). It
is well known that ESCs employ a complex transcriptional
regulatory network comprising of Oct3/4, Sox2 and Nanog,
among several other factors, to regulate the pluripotency
(Boyer et al., 2005; Ng and Surani, 2011). Perturbations of
expression of these core pluripotency factors lead to loss of
pluripotency and subsequent nonspecific differentiation
(Ivanova et al., 2006). Nanog may sustain the self-renewal
and undifferentiation state through the regulation of Oct3/4
and Sox2 expression, both of which in turn control the
expression of downstream genes important for maintenance
of pluripotency or inhibition of differentiation (Loh et al.,
2006). By employing genome-wide chromatin immunopre-
cipitation studies, thousands of direct target genes regu-
lated by Oct3/4, Sox2, Klf4, and Nanog were identified
(Loh et al., 2006; Chen et al., 2008; Kim et al., 2008; Marson
et al., 2008). Interestingly, many of these targets encode for
transcription factors such as Esrrb, Zfp281, and Sall4 which are
also crucial for the maintenance of pluripotency (Mitsui et al.,
2003; Wang et al., 2008; Zhang et al., 2006a, 2008).
KRAB-associated protein 1 (KAP1, also known as TRIM28
and TIF1β) is a novel Oct3/4-dependent transcription factor
that regulates pluripotency (Seki et al., 2010). KAP1 was
initially identified as an interaction partner of KRAB-domain
containing zinc finger transcription factors (Friedman et al.,
1996). It is critical for the regulation of normal development
as KAP1-deficient mice die before gastrulation (Cammas
et al., 2000). Recently, KAP1 was shown to be implicated in
repression of endogenous retroviruses (ERVs) in mouse
ESCs, where the deletion of KAP1 resulted in a significant
upregulation of a range of ERVs (Rowe et al., 2010).
Additionally, ATM-mediated phosphorylation of KAP1 leads
to its co-localization with γ-H2A.X, a DNA damage repair
foci marker, in response to genotoxic stress. The phosphory-
lated KAP1 functions in derepression of its target genes to
promote cell cycle arrest and apoptosis (Li et al., 2007, 2010;
White et al., 2006). In line with these observations, cells with
loss of phosphorylated KAP1 were shown to be hypersensitive
to induced DNA damage and show defects in chromatin
decondensation (Ziv et al., 2006). Collectively, these studies
highlight the important role of KAP1 in normal development
and regulation of ESC pluripotency and differentiation.
Although, the precise molecular mechanism(s) by which
KAP1 executes its diverse functions is unclear, it can be
hypothesized that the interaction between KAP1 and a
wide variety of KRAB-zinc finger proteins may drive KAP1
divergent functions.
Zinc finger proteins belong to one of the most abundant
protein families in eukaryotic genomes (Urrutia, 2003). About
30% of these zinc finger proteins harbor a KRAB domain which
is responsible for protein–protein interactions whereas
several classical Cys2His2-zinc finger motifs present at the
C-terminus of the protein enable the recognition of a specific
DNA sequence thereby leading to either gene activation or
repression (Looman et al., 2002; Witzgall et al., 1994).
Several lines of evidence suggest that zinc finger proteins
play an important role in maintenance of ESC pluripotencyand differentiation potential as well as proliferation and
cell cycle control. Zinc finger protein 206 (Zfp206) is known
to regulate ESC gene expression and differentiation and its
expression is also considered as a hallmark of pluripotent
cells (Wang et al., 2007; Zhang et al., 2006b). Likewise,
Zfp42 (also known as Rex1) expression is restricted to
undifferentiated ESCs and is known to maintain their
undifferentiation state (Eiges et al., 2001; Zhang et al.,
2006c). Recently, CtBP-interacting BTB Zinc Finger Protein
(CIBZ) was identified as a key transcriptional regulator of
ESCs and was shown to play a role in G1/S transition partly
depending on Nanog expression (Nishii et al., 2012). Moreover,
ZFP57 was shown tomaintain the genomic imprints in ESCs in a
KAP1-dependent manner (Zuo et al., 2011). In ESCs, Zfp809
was found as a retrovirus restriction factor, which recruits
KAP1 to regulate the silencing of ERVs (Wolf and Goff, 2009).
Although numerous studies have revealed the function of
several KRAB-zinc finger proteins, the function of a large
number of KRAB-zinc finger proteins is yet to be determined.
In the present study, we identified Zfp819, a KRAB-zinc
finger protein with an unknown function, as a pluripotency-
related gene and show that it is expressed in various
pluripotent cell types. We demonstrate that the Zfp819
promoter region is highly enriched for transcriptionally active
chromatin marks and is bound by pluripotency-related tran-
scription factors, suggesting a possible crucial role for Zfp819
in pluripotent cells. Interestingly, the expression of selected
retroviral elements was highly upregulated in Zfp819-
knockdown cells. In line with these observations, we show
that Zfp819 interacts with KAP1, a known transcriptional
repressor of retroviral elements, further strengthening the
role of Zfp819 in regulation of these elements. Moreover,
we observed the activation of DNA damage response markers
such as γH2A.X in Zfp819-knockdown ESCs indicating its role in
maintenance of genomic integrity.Materials and methods
Cell culture
The mouse ESC (ES R1) and maGSC lines were maintained as
previously described (Zechner et al., 2009). Briefly, the
undifferentiated ESCs were maintained on Mitomycin
C-inactivated mouse embryonic fibroblasts (MEFs) and cul-
tured using standard ESC culture medium (Zechner et al.,
2009). For feeder depletion, the ESC cultures were trypsinized
and replated on gelatin-coated culture dishes for 20 min and
the non-attached ESCs were used for further analysis. NIH-3T3
cells were cultured in DMEM (PAN, Germany) supplemented
with 10% fetal bovine serum (FBS) (PAN, Germany), 1%
L-glutamine (Life Technologies, Germany) and 1% penicillin/
streptomycin (Life Technologies, Germany).
For ESC differentiation experiments, feeder-depleted ESCs
(1 × 106) were seeded onto 100 mm low attachment sterile
cell plates (Greiner, Germany) in 10 ml ESC culture medium
lacking leukemia inhibitory factor (LIF). The culture medium
was exchanged every day until cells were harvested at
indicated time points. Alternatively, ESCs were seeded onto
0.1% gelatin-coated dishes, cultured without LIF and in the
presence of 10−6 M retinoic acid (RA) for 20 days.
1047Zfp819, a novel pluripotency-elated geneTransfection and immunofluorescence staining
For transfection experiments, cells were plated onto 24-well
plates containing glass cover slips, cultured overnight and
transfected with Lipofectamine 2000 (Life Technologies,
Germany) according to the manufacturer's instructions.
Briefly, the plasmid DNA and Lipofectamine 2000 were mixed
in a ratio of 1:2 in a total volume of 100 μl of Opti-MEM
(Life Technologies, Germany) and allowed to form the
complex by incubating 20 min at room temperature (RT).
Then, the DNA–Lipofectamine complex was added to the
cells. After 3 h of incubation, the DMEM medium containing
the complex was replaced with standard culture medium
and the cells were allowed to grow for additional 24 h. The
next day, cells were processed for immunofluorescence
staining as described (Khromov et al., 2011). Microscopic
images were acquired using an Olympus BX60 fluorescent
microscope equipped with UplanFI 20X/0.50 objective lens
and cellSens program. The acquired images were processed
using the same cellSens software.DNA methylation analysis and chromatin
immunoprecipitation assays
Genomic DNA was isolated from undifferentiated and differ-
entiated ESCs and maGSCs. Bisulfite pyrosequencing of the
Zfp819 promoter region in the genomic DNA samples was
performed as previously described (Zechner et al., 2009).
Primer sequences are available on request.
Chromatin immunoprecipitation (ChIP) assays were per-
formed on ESC chromatin using the Diagenode OneDay ChIP
kit and protocols provided therein. Briefly, for each ChIP
assay, 3 × 106 cells were cross-linked using 4% formaldehyde
in PBS and lysed with shearing kit (Diagenode) followed by
Bioruptor sonication (Diagenode, UCD-200 TM) to obtain a
chromatin size of 200–500 bp. Then, the sheared chromatin
was immunoprecipitated with 5 μg of antibodies as indicated
and processed with the Diagenode OneDay ChIP protocol to
extract the chromatin bound to each specific antibody.
Mouse/rabbit IgG was used as a control in mock ChIP
experiments. Quantitative analysis of the immunoprecipitated
DNA was performed by real-time qPCR using the primers
listed in Supplementary Table S4. The ChIP–qPCR data were
analyzed using percent input method i.e., log2 of input
dilution factor and expressed as % input precipitation.Direct-Y2H assay
For direct-Yeast Two-Hybrid (Y2H) experiments, the pGADT7-
KAP1_RBCC construct and pGBKT7-Zfp819_N-ter were
transformed together with empty pGBKT7 and pGADT7,
respectively, into AH109 strain by the lithium acetate
method (Gietz et al., 1995) to test for auto-activation. For
testing the interaction between KAP1 and Zfp819, the
pGBKT7-Zfp819_N-ter and pGADT7-KAP1_RBCC constructs
were transformed and first selected on SD/-Leu/-Trp plates
and later tested for the reporter gene expression on SD/
-Leu/-Trp/-His/-Ade and X-α-gal plates. The primers used
for Y2H construct generation are listed in Supplementary
Table S2.GST-pull down assay and co-immunoprecipitation
experiments
The generation of recombinant GST-Zfp819_N and subsequent
GST-pull down assay was described previously (Burnicka-Turek
et al., 2010; Zheng et al., 2012). Briefly, the protein extract of
ESCs was incubated overnight on a roller with Glutathione-
agarose beads containing either GST-only or GST-Zfp819_N
fusion proteins. Following incubation, the beads were washed
to remove non-specifically bound proteins and resuspended in
elution buffer. The eluted protein complex was collected and
subjected to Western blot analysis with KAP1 antibodies. The
source of KAP1 antibodies is listed in Supplementary Table S3.
For co-immunoprecipitation experiments, ESCs stably
overexpressing E2-tagged Zfp819 were used to prepare the
protein extract using RIPA buffer (Millipore). The protein
extracts were pre-cleared with protein A/G beads (Santa
Cruz) for 3 h at 4 °C. The supernatants were then incubated
with appropriate antibodies overnight at 4 °C on a roller.
Afterwards, beads were washed and the bound immune
complexes were eluted using SDS-PAGE loading buffer,
separated on 4–12% SDS-PAGE and subjected to Western
blot analysis with indicated antibodies.
Luciferase reporter assay
Luciferase reporter assays were performed as previously
described (Smorag et al., 2012). Briefly, one day before
transfection, ESCs or NIH-3T3 cells were trypsinized and
transferred (1–2 × 105 cells/well) to a fresh well of a 6 well
plate. Next day, the cells were transiently transfected in
duplicates with indicated luciferase vectors; 2 μg of the
reporter plasmid was co-transfected with either Zfp819
overexpression construct (hEF1α_Zfp819_E2) or control vec-
tor (pEGFP-1, mock construct) using Lipofectamine 2000
(Life Technologies). At the same time, the cells were
transfected with pRL Renilla Luciferase control reporter
vector (Promega) for normalization of transfection efficien-
cies. After 48 h of transfection, the cells were lysed and
assayed by using Dual-Glo Luciferase Assay System (Promega).
RNA extraction, RT-PCR and qPCR
Total RNA was extracted from cells or tissues using TRIzol
Reagent (Life Technologies, Germany) following the
manufacturer's protocol. 5 μg of total RNA was digested
with DNase I (Sigma) and used for cDNA synthesis using the
SuperScriptII system (Life Technologies, Germany). Diluted
cDNA (1/10) was used as a template in QuantiFast SYBR
Green (Qiagen) and run on an ABI 7900HT Real-Time PCR
System (Applied Biosystems). Primers used in RT-PCR and
qPCR are listed in the supplementary data (Table S4).
DNA damage induction and immunofluorescence
analysis
For induction of DNA damage, the cells were treated
with 50 ng/ml neocarzinostatin (NCS) diluted in PBS. After
30 min of treatment, the cells were washed with PBS and
supplemented with culture medium. For immunofluorescence
1048 X. Tan et al.analysis, the cells were fixed in 4% paraformaldehyde at
indicated time points and processed for immunostaining using
γ-H2A.X antibodies (Cell Signaling) as described above.
Statistical analysis
All qPCR data for RNA expression analysis (two or more
biological replicates) were calculated using the ΔΔCt method.
The GraphPad Prism 4.0 software was used to calculate the
statistical significance.
Results
Zfp819 is expressed preferentially in pluripotent
stem cells
Pluripotency is established and maintained by both known
and unknown transcription factors and their coordinated
regulatory mechanisms (Boyer et al., 2005; Ng and Surani,
2011). In an attempt to identify unknown transcription
factors which might play an essential role in maintenance of
pluripotency, we made use of our previous transcriptome
analysis that compared undifferentiated and differentiated
cell types of ESCs and multipotent adult germline stem cells
(maGSCs) (Meyer et al., 2010). This comparative analysis led
us to identify Zinc finger protein 819 (Zfp819) as a novel
pluripotency-related factor (Meyer et al., 2010). Zfp819
belongs to the zinc finger-containing KRAB family of proteins
and bears a functional KRAB domain at its N-terminus, while
the C-terminus harbors 11 zinc finger (Znf) motifs (Fig. 1A).
Further analysis of the protein sequence revealed that Zfp819
contains moderately conserved KRAB-A and -B boxes, which
are encoded by two different exons, hence classifying it as
a KRAB-A + B type zinc finger protein (Fig. 1B). In order
to validate the transcriptome data, we performed the qPCR
analysis on undifferentiated and differentiated ESCs and
confirmed the dramatic downregulation of Zfp819 upon
differentiation (Fig. 1C). We performed qPCR analysis on
various adult mouse tissues and found a very high expression
of Zfp819 in the testis and moderate to weak expression in
the heart, kidney, liver, and ovary (Fig. 1D). Expression
analysis of Zfp819 in various pluripotent cell types revealed
a strong expression in all analyzed pluripotent cell types as
well as in blastocysts, but not in differentiated cell types
such as MEFs and NIH-3T3 cells (Fig. 1E). Recently, Zfp819
was shown to be expressed in both partially and fully
reprogrammed iPSCs (Sridharan et al., 2009). To
systematically analyze the transcriptional activation of
Zfp819 during reprogramming, we performed time
course-based expression analysis and identified that it
started expressing from 10-days of reprogramming along
with the endogenous Oct4 activation (Fig. 1F).
Transcript variants of Zfp819 are expressed
specifically in pluripotent stem cells
In the Ensembl database, four different transcripts were
reported to be transcribed from the Zfp819 gene, two out of
these four are annotated to code for a functional protein
(Supplementary Fig. S1A). To evaluate the expression ofeach transcript in pluripotent cells in comparison to adult
mouse tissues, we designed PCR primers that specifically
amplify each different transcript (Supplementary Fig. S1B,
and data not shown). The RT-PCR analysis revealed the
specific expression of two non-protein-coding transcripts
(Zfp819a and Zfp819b) in pluripotent cells (Supplementary
Fig. S1B). The protein-coding Zfp819c transcript is expressed
in pluripotent cells as well as in testis, but not in any other
analyzed tissues (Supplementary Fig. S1B). In contrast, the
other protein-coding Zfp819d transcript, which lacks UTR
sequences, was found to be expressed in both pluripotent
cells and in all analyzed tissues (Supplementary Fig. S1B).
These results suggest that the Ensembl reference transcript,
Zfp819c, is the most abundantly expressed transcript in
ESCs, hence, referred it as Zfp819 throughout this study.
Zfp819 is localized to the nucleus through
non-canonical nuclear localization signals
Next, we performed sub-cellular localization studies and
observed that the full-length Zfp819 protein localized only
to the nucleus (Fig. 2B). To delineate the region responsible
for this nuclear localization, we made several deletion
constructs (Fig. 2A). The N-terminal region (Zfp819_N)
containing KRAB domain was localized to the cytoplasm,
whereas the C-terminal region (Zfp819_C) harboring all zinc
finger motifs was found to be localized in the nucleus
(Fig. 2C). Our search for the presence of any canonical
nuclear localization signal (NLS) in Zfp819 failed to identify
such elements (data not shown). Recently, three non-
canonical NLS consensus sequences named as PY-NLSs —
R/K/HX(2–5)PY,ФG/A/SФФX(11–13)PY, and basic enriched
(5–8)X(8–10)PY were shown to be responsible for nuclear
localization of several proteins in a Kapβ2-dependent
manner (Lee et al., 2006). Our closer inspection revealed
the presence of an R/K/HX(2–5)PY motif in zinc fingers 2–9 of
Zfp819 (Supplementary Fig. S2). We also observed three fairly
conserved ФG/A/SФФX(11–13)PY motifs in zinc finger-2, -3,
and -8, and one basic enriched (5–8)X(8–10)PY motif in zinc
finger-7 of Zfp819 (Supplementary Fig. S2). The C-terminal
fusion of zinc fingers-2–8 (Zfp819_C1) to EGFP resulted in the
efficient localization of EGFP to the nucleus (Fig. 2C). Further,
we split the Zfp819_C1 into three fragments, C1a, C1b, and
C1c and fused them separately to the C-terminus of EGFP. All
of these fragments were found to drive the EGFP localization
into the nucleus (Fig. 2C). Parallelly, we fused Znf10, a region
containing no predicted non-canonical NLS, as a negative
control and found the localization of EGFP only in the
cytoplasm. Collectively, these results indicate that the
non-canonical NLS present in selective zinc fingers of
Zfp819 is responsible for its localization into the nucleus.
The promoter region of Zfp819 is epigenetically
regulated and is a target of core pluripotency
transcription factors in pluripotent stem cells
The global chromatin state of pluripotent cells is highly
dynamic and transcriptionally permissive, hence, many genes
are known to be expressed through leaky transcription
(Meshorer and Misteli, 2006). To evaluate whether the
expression of Zfp819 in pluripotent cells is due to inevitability
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Figure 1 Zfp819 is highly expressed in pluripotent stem cells. (A) Diagram showing the mouse Zfp819 protein architecture.
KRAB— Krüppel-associated box, Znf— zinc fingermotif. The amino acid (aa) number is indicated on the top. (B) The amino acid sequence
of Zfp819 (27–85aa) encoded by two different exons is indicated in blue and red. The consensus sequences of the KRAB-A box and the
KRAB-B box are indicated below. The motifs responsible for interaction with KAP1 are underlined. (C) qRT-PCR data showing the
expression of Zfp819 in undifferentiated ESCs and either retinoic acid (RA)-differentiated (ESCs-diff_RA) or embryoid body (EB)
differentiation (ESCs-diff_EB) counterparts. (D) Bar graph showing the qRT-PCR data of Zfp819 expression in various adult mouse tissues.
The expression level of Zfp819 in ESCs was used to normalize the data. (E) qRT-PCR data showing the expression of Zfp819 in various
pluripotent cell types, blastocysts and differentiated cells. ESCs — embryonic stem cells, maGSCs — multipotent adult germline stem
cells, iPSCs— induced pluripotent stem cells, EGCs— embryonic germ cells, ECCs— embryonic carcinoma cells, MEFs—mouse embryonic
fibroblasts, NIH-3T3 — a widely used fibroblast cell line. (F) qRT-PCR data showing the expression of Oct3/4 (white bars),
a pluripotency-associated gene, and Zfp819 (black bars) during the time course of somatic cell reprogramming using Yamanaka factors
(Oct3/4, Sox2, Klf4 and c-Myc).
1049Zfp819, a novel pluripotency-elated geneor leaky expression, we studied the epigenetic regulation
of the predicted promoter region of Zfp819 (Supplementary
Fig. S3A). The DNA methylation studies revealed that the
promoter region of Zfp819 is largely hypomethylated (~5%)
in undifferentiated ESCs and maGSCs, suggesting that the
expression of Zfp819 is inevitable in pluripotent cells and not
due to leaky expression (Supplementary Fig. S3B). In contrast,
the promoter region of Zfp819 became moderately methyl-
ated (~30%) in differentiated counterparts of ESCs and
maGSCs (Supplementary Fig. S3B). The promoter regions of
pluripotency-related genes are known to be enriched fortranscription-activating histone modification marks such as
histone H3 lysine 4 trimethylation (H3K4me3) and histone H3
lysine 9 acetylation (H3K9ac) in pluripotent cells (Meshorer,
2007; Mikkelsen et al., 2007; Pan et al., 2007). In contrast, the
promoter regions of genes involved in lineage commitment are
shown to contain a bivalent chromatin domain characterized
by the presence of both transcriptionally active H3K4me3 and
repressive histone H3 lysine 27 trimethylation (H3K27me3)
histonemodifications (Bernstein et al., 2006). To evaluate the
chromatin state of Zfp819 in pluripotent cells, we analyzed
the histone modification patterns at the promoter region of
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Figure 2 Nuclear localization of Zfp819 is mediated by non-canonical nuclear localization signals. (A) Schematic illustration of
constructs used to determine the nuclear localization signal (NLS). Zfp819_FL, Zfp819_N, and Zfp819_C constructs were N-terminally
fused to E2-epitope tag. The Zfp819_C1, C1a, C1b, and C1c sequences were N-terminally fused to an EGFP cassette. Aqua color
indicates the presence of non-canonical PY-NLS (ФG/A/SФФX(11–13)PY), and yellow color indicates the presences of basic enriched(5–8)
X(8–10)PY motifs. (B) Immunofluorescence images showing the localization of Zfp189_FL protein in ESCs. (C) Images showing the
localization of Zfp819_N-E2, Zfp819_C-E2 and either EGFP-only or EGFP-fused Zfp819_C1-EGFP, Zfp819_C1a-EGFP, Zfp819_C1b-EGFP,
Zfp819_C1c-EGFP, and Zfp819_ZNF10-EGFP in NIH-3T3 cells. Nuclei were visualized by staining with DAPI (blue) in B and C.
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1051Zfp819, a novel pluripotency-elated geneZfp819 using chromatin immunoprecipitation (ChIP) followed
by qPCR. These results revealed a very high enrichment
for activating histone modification marks (H3K4me3 and
H3K9ac) but not for repressive histone modification marks
(H3K27me3 and H3K9me3) at the Zfp819 promoter region,
that was also observed for the pluripotency-related gene
Oct4 (Supplementary Fig. S3C).
The pluripotency transcription factor network comprising
Oct4, Sox2, Klf4, and Nanog regulates the expression of
several genes which are involved in the establishment and
maintenance of pluripotency (Kim et al., 2008; Mitsui et al.,
2003; Yu et al., 2009). To address the question, whether
Zfp819 is a transcriptional target of the core pluripotency
transcription factors, we searched the publicly available
ChIP-sequencing data for these transcription factors and
found Zfp819 to be one of the targets of Oct4, Sox2, Klf4,
and Nanog (Chen et al., 2008; Kim et al., 2008; Marson
et al., 2008) (Supplementary Fig. S3D). To further validate
these results we performed ChIP on ESC chromatin using
specific antibodies against Oct4, Sox2, and Nanog. The qPCR
analysis of immunoprecipitated chromatin revealed that
the distal cis-regulatory module-2 (DCRM-2) region of Zfp819
is bound by all three analyzed pluripotency transcription
factors (Supplementary Fig. S3E). Collectively, these results
show that the expression of Zfp819 is inevitable and regulated
by the core pluripotency transcription factor network in ESCs.Modulation of Zfp819 expression results in
de-regulation of pluripotency and
differentiation networks
The Zfp819 nuclear localization and its predicted role in
transcriptional regulation prompted us to study whether
perturbation of Zfp819 expression has any effect on the
regulatory networks of pluripotent stem cells. Towards this,
we performed Zfp819 overexpression (Zfp819_OE) and knock-
down (Zfp819_KD) studies in ESCs and analyzed the expression
of genes involved in themaintenance of pluripotency aswell in
early differentiation of pluripotent cells. We transfected ESCs
with E2-tagged Zfp819 overexpression construct which also
harbors Neomycin (Neo) resistance cassette and selected ESCs
for Neo resistance for 1 week. Next, the surviving ESCs were
collected and used for gene expression analysis. The qRT-PCR
analysis revealed a ~50-fold overexpression of Zfp819 in Neo
resistant colonies (Zfp819_OE) than in wildtype (Wt) cells
(Fig. 3A). The qPCR analysis of pluripotency marker genes
revealed a significant downregulation of Oct4, Nanog, and
Rex1, but not Sox2 in Zfp819_OE cells (Fig. 3B). The expression
analysis for differentiation marker genes in Zfp819_OE cells
showed that many of the differentiation marker genes (Gata4,
Hnf4, Nkx2.5, Nestin, and Map2) are downregulated, while
Vimentin and Fgf5 are significantly upregulated (Fig. 3C).
Next, we performed knockdown studies using stable over-
expression of shRNA constructs against Zfp819 and found a
~70% reduction in the mRNA expression of Zfp819 (Fig. 3D).
The Zfp819_KD cells showed no defects in morphology and
proliferation (data not shown). Further, qPCR analysis for
pluripotency marker genes revealed a significant upregulation
of Oct4 and Rex1, but not Sox2 and Nanog in Zfp819_KD ESCs
(Fig. 4E). The expression analysis of differentiation marker
genes revealed thatGata4, Vimentin and Fgf5 are upregulatedwhile Hnf4 was downregulated in Zfp819_KD ESCs (Fig. 3F).
Taken together, these results suggest that Zfp819 might
regulate the pluripotency characteristics of ESCs by modu-
lating the expression of pluripotency and differentiation
marker genes.
Zfp819 interacts with the KRAB effector
protein KAP1
We next investigated whether Zfp819 interacts with KAP1, a
well known KRAB domain-binding protein with a transcrip-
tional repression function. KAP1 is known to interact with
many KRAB domain-containing proteins through its RBCC
(Ring finger, B-box, Coiled-coil) domain (Friedman et al.,
1996; Peng et al., 2000). To verify whether the KRAB domain
of Zfp819 interacts with the RBCC domain of KAP1, we
performed a direct-Yeast Two-Hybrid (direct-Y2H) assay
using the constructs illustrated in Fig. 5A. The yeast AH109
strain transformed with empty vectors together with either
Zfp819_N-ter or KAP1_RBCC showed no growth on SD/
-Leu/-Trp/-His/-Ade/+α-gal, indicating no autoactivation
of Zfp819 as well as KAP1 constructs (Fig. 4B). However,
co-transformation of Zfp819_N-ter and KAP1_RBCC showed
strong growth with α-gal activity (blue color), indicating the
interaction between Zfp819 and KAP1 (Fig. 4B). Next, we
performed a Glutathione S-Transferase (GST)-pull down assay
using the purified recombinant GST-Zfp819_N protein (Zheng
et al., 2012). The GST-pull down assay using total protein
extracts of ESCs and recombinant GST-Zfp819_N revealed the
interaction between Zfp819 and KAP1, whereas the control
assay with protein extracts incubated with GST-only failed to
show an interaction (Fig. 4C). To confirm these results at the
physiological level, we performed co-immunoprecipitation
(Co-IP) experiments with protein extracts isolated from ESCs
stably expressing E2-tagged Zfp819 (Zfp819_OE). Immunopre-
cipitation using E2-tag specific antibodies and the subsequent
Western blot analysis for endogenous KAP1 revealed a specific
interaction, whereas the control Co-IP with non-specific
IgG antibodies failed to detect KAP1 (Fig. 4D). Similarly, the
reciprocal Co-IP with KAP1 antibodies and the subsequent
detection using E2-tag specific antibodies revealed the
specific interaction, while non-specific IgG antibodies failed
to precipitate E2-tagged Zfp819 (Fig. 4D). Further, we
performed co-localization studies in ESCs and found both
KAP1 and Zfp819 to co-localize in the nucleus (Fig. 4E).
Zfp819 binds and regulates the expression of
endogenous retroviral elements in ESCs
KAP1 is known as a transcriptional repressor of endogenous
retroviral elements (ERVs) such as IAPs, LINEs as well as
SINEs in ESCs (Rowe et al., 2010). The interaction of Zfp819
with KAP1 prompted us to study whether these ERV elements
are regulated transcriptionally upon alteration of Zfp819
expression in ESCs. qPCR analysis for the expression of IAP,
LINE (LINE1), and SINE (SINE B1) in Zfp819_KD cells revealed
that these ERV elements are significantly upregulated
(Figs. 5A–C). Conversely, IAPs and LINE1 showed
downregulation in Zfp819_OE cells, while SINE B1 showed
no significant changes in expression (Figs. 5A–C). The KRAB
domain-containing Znf proteins are known to bind DNA through
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Figure 3 Alteration of Zfp819 expression leads to de-regulation of pluripotency and differentiation networks. (A) qRT-PCR data
showing the expression of Zfp819 in control (ESC-Wt) and Zfp819-overexpressing (Zfp819_OE) cells. qRT-PCR data showing the expression
of pluripotency-related genes (B) and differentiation marker genes of three germ layers, Endoderm, Mesoderm, and Ectoderm (C) in
ESC-Wt and Zfp819_OE cells. (D) qRT-PCR data showing the expression of Zfp819 in control (ESC-Wt) and Zfp819-stable knockdown
(Zfp819_KD) cells. Bar graph showing the expression levels of pluripotency-related genes (E) and differentiation marker genes of three
germ layers, Endoderm, Mesoderm, and Ectoderm (F) in ESC-Wt and Zfp819_KD cells. The error bar represents the mean ± SD and the
values that are statistically significant (***p b 0.0001, **p b 0.005, *p b 0.05) are indicated.
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1053Zfp819, a novel pluripotency-elated genetheir Znf motifs and recruit KAP1 through the interaction
of KRAB and RBCC domains, respectively (Germain-Desprez
et al., 2003; Peng et al., 2002; Wolfe et al., 2000). This
interaction in turn leads to the recruitment of other
repressor proteins and subsequent transcriptional inhibition
(Urrutia, 2003). The upregulation of ERV elements in
Zfp819_KD cells led us to verify whether Zfp819 binds to
these regions. The ChIP with E2-tag specific antibodies on
chromatin of E2-Zfp819 transfected ESCs and subsequent
PCR analysis revealed that Zfp819 binds to U3, 5′-UTR, and
pol but not gag regions of IAP elements (Fig. 5E). We found
no binding of Zfp819 to Mest, a known target of KAP1,
suggesting the specific binding of Zfp819 to ERV elements
(Fig. 5E). As a control, we performed PCR analysis for
housekeeping gene as well as Oct4 promoter regions and
found no binding of Zfp819 (Fig. 5E). Further, we performed
the luciferase assay with a construct containing the U3
region of IAP, which functions as a cis-regulatory element,
and in either absence or presence of Zfp819 overexpression
(Fig. 5F). The overexpression of Zfp819 showed ~75%reduction in the luciferase activity (Fig. 5F), confirming
that Zfp819 functions in transcriptional silencing of retro-
viral elements.Zfp819 depletion leads to enhanced DNA damage
and impaired repair
The transcriptional activation of ERVs is known to cause the
activation of DNA damage response, as they randomly
integrate in the genome (Maksakova et al., 2006; Walsh
et al., 1998). The dramatic upregulation of ERV elements in
Zfp819_KD cells led us to hypothesize that these cells might
have enhanced DNA damage and subsequent activation
of repair processes. To verify this hypothesis, we stained
Zfp819_KD cells with γ-H2A.X, a marker of DNA double
strand breaks, and identified several foci which are positive
for γ-H2A.X, whereas control wildtype cells showed no or
low levels of γ-H2A.X foci (Fig. 6B). These results were
further confirmed by Western blot analysis, which showed
0.0 0.5 1.0 1.5
ESC-Wt
ESC-Zfp819_OE
ESC-Ctrl shRNA
ESC-Zfp819_KD
Rel. Expression
SINE B1
0.0 0.5 1.0 1.5
ESC-Wt
ESC-Zfp819_OE
ESC-Ctrl shRNA
ESC-Zfp819_KD
4 5 6
Rel. Expression
LINE1
IA
P
Co
nt
ro
ls
gag 77 bp
Mest 454 bp
Hoxa11 275 bp
Actin 290 bp
Oct3/4 110 bp
U3 88 bp
5 UTR 91 bp
pol 77 bp
A D
LTR            gag pol LTR
U3  5 UTR    gag pol U3
IAP map
0.0 0.5 1.0 1.5
ESC-Wt
ESC-Zfp819_OE
ESC-Ctrl shRNA
ESC-Zfp819_KD
10
Rel. Expression
IAP
B
C
E
U3 SV40 Luciferase
F
Control Zfp819_OE
0
25
50
75
100
125
R
el
at
iv
e 
lu
ci
fe
ra
se
 a
ct
iv
ity
*
*
*
*
*
*
*
*
*
*
*
*
*
*
Figure 5 Zfp819 regulates the expression of endogenous retroviruses in ESCs. (A–C) Bar graphs showing the expression of
endogenous retrovirus elements, SINE B1 (A), LINE1 (B), and IAP (C) in control ESCs as well as in Zfp819-knockdown (Zfp819_KD) and
ESCs stably overexpressing Zfp819 (Zfp819_OE) cell lines. SINE — Small Interspersed Elements; LINE — Long Interspersed Elements;
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1054 X. Tan et al.high levels of γ-H2A.X in Zfp819_KD cells compared to
low levels of γ-H2A.X in control cells (Fig. 6A). To check
whether Zfp819-depleted cells are sensitive to DNA damag-
ing agents, we further treated both Zfp819_KD and wildtypecells with neocarzinostatin, a DNA damaging agent, and
stained for γ-H2A.X at various time points (Fig. 6B). The
wildtype cells showed an increase of γ-H2A.X foci by 3 h of
treatment which gradually decreased by 24 h of recovery,
1055Zfp819, a novel pluripotency-elated genesuggesting an efficient repair and recovery (Fig. 6B). The
Zfp819_KD cells also showed an increased number of γ-H2A.X
foci at 3 h, but in contrast to the wildtype cells, these cells
displayed a persistent staining for γ-H2A.X even at 48 h ofCo
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Figure 6 Zfp819 is essential for efficient repair of DNA damage
damage marker protein γH2A.X in control ESCs and Zfp819 stably
staining showing the spontaneous DNA damage in uninduced Zfp819_K
in Zfp819_KD cells and ESCs, that were treated with the DNA damagrecovery suggesting that DNA damage repair mechanisms are
impaired in Zfp819-depleted cells. Moreover, the nuclei of
Zfp819_KD cells appeared to be fragmented after 24 h of
recovery indicating the activation of apoptosis in theseZfp819_KD ESCs
50kDa
15kDa
in ESCs. (A) Western blots showing the expression of the DNA
knockdown ESCs (Zfp819_KD). (B) γH2A.X immunofluorescence
D cells, but not in uninduced ESCs-Wt as well as the DNA damage
ing agent, NCS, and analyzed at various time points of recovery.
1056 X. Tan et al.cells (Fig. 6B). Next, we performed DNA damage induction
experiments in Zfp819_OE cells and found no significant
changes compared to Wt ESCs (data not shown).Discussion
The zinc finger protein family is the most abundant protein
family in mammals (Lander et al., 2001). The members of
this family are subdivided further according to the presence
of additional conserved structural regions/motifs (Bellefroid
et al., 1991; Collins et al., 2001; Rosati et al., 1991). The
KRAB domain-containing zinc finger proteins belong to one
such sub-family, account for almost one-third of all zinc
finger proteins and constitute the single largest class of
transcription factors in the mammalian genome (Looman
et al., 2002). Even after three decades of their initial
discovery, the function of many KRAB-zinc finger proteins is
still largely unknown. Our previous comparative transcriptome
analysis between undifferentiated pluripotent stem cells and
their differentiated counterparts led to the finding that
Zfp819, a member of the KRAB-zinc finger proteins, is
specifically expressed in pluripotent stem cells (Meyer
et al., 2010). Since the function of Zfp819 is completely
unknown, we set out in the present study to systematically
analyze the Zfp819 expression pattern in pluripotent stem
cells and adult mouse tissues and to determine its function.
Our results show that Zfp819 is expressed preferentially
in pluripotent stem cells and involved in transcriptional
repression of ERVs and maintenance of genomic integrity.
We demonstrated that the C-terminal part of Zfp819
harboring several zinc finger motifs is the region responsible
for its localization to the nucleus. However, we were unable
to identify any well-known NLS in this region, highlighting
the presence of novel or non-canonical NLS. Recently, Lee
et al. (2006) identified three non-canonical NLS motifs
named as PY-NLS, which are recognized by Kapβ2, a
nucleocytoplasmic trafficking protein. We identified and
characterized four PY-NLS motifs in Zfp819, all of which
showed efficient nuclear localization of the tagged EGFP.
The open chromatin structure designated by DNA hypo-
methylation and the presence of active histone modifica-
tions is a hallmark of promoter regions of pluripotency-
associated genes such as Oct3/4, Sox2, and Nanog (Meshorer
and Misteli, 2006; Mikkelsen et al., 2007; Doi et al., 2009).
Our DNA methylation and histone modification analyses
of the Zfp819 promoter region revealed the presence of
open chromatin suggesting that this novel gene might play
an essential role in pluripotent cells. It is known that
the members of the core pluripotency transcription factor
network such as Oct3/4, Sox2, and Nanog mutually cooperate
to activate the expression of genes involved in maintenance of
pluripotency (Loh et al., 2006; Chen et al., 2008; Kim et al.,
2008; Marson et al., 2008). Our confirmation of Oct3/4,
Sox2, and Nanog binding to the DCRM-2 of Zfp819 further
strengthens that the expression of this gene is in turn
regulated by the pluripotency network. Intriguingly, we
observed an inverse correlation in expression of some of
pluripotency marker genes when the expression of Zfp819
was modulated, suggesting that Zfp819 might also function
in the transcriptional regulation of these pluripotency
factors. It is well known that many KRAB zinc finger proteinsfunction as transcriptional repressors through their inter-
action with KAP1 (Friedman et al., 1996). The transcrip-
tional regulator KAP1 is known to maintain the pluripotency
and also required for the terminal differentiation of ESCs
(Cammas et al., 2002, 2004; Hu et al., 2009). Moreover,
KAP1 was shown to be important for maintenance of genomic
integrity of ESCs by constitutive repression of ERVs (Rowe
et al., 2010). In line with these observations, we found a very
high activation of ERVs upon Zfp819 knockdown and could
show the interaction of Zfp819 with KAP1, suggesting that
Zfp819 might recruit KAP1 to the subset of ERVs and to
maintain their repression in ESCs.
Recently, we identified Chd4 as one of the interaction
partners of Zfp819 in yeast two-hybrid screening experi-
ments and subsequently confirmed this interaction in both
in vivo and in vitro approaches (Zheng et al., 2012). Chd4 is a
component of the nucleosome-remodeling and histone
deacetylase (NuRD) complex, which also consists of Chd3,
Hdac1/2, Mta1 and Mta2 (Lai and Wade, 2011). The genetic
depletion of Chd4 is known to impair the recruitment of DNA
damage response proteins and result in a high sensitivity to
DNA damaging agents (Larsen et al., 2010). Both KAP1 and
Chd4 have been implicated in DNA damage repair, where
they might provide a local chromatin configuration which
is necessary for efficient signaling activities and repair
(Li et al., 2007; White et al., 2006; Urquhart et al., 2011).
It has been shown that in response to genotoxic stress, ATM
phosphorylates KAP1, which facilitates its co-localization
with several DNA damage response proteins and induces
chromatin decondensation (White et al., 2006; Hu et al.,
2012). The phosphorylated KAP1 is known to interact with
Oct4 and to regulate the expression of pluripotency-related
genes in ES cells (Seki et al., 2010). Moreover, it was
reported that Oct4 is localized to induced DNA damage
regions and this localization occurs simultaneously with the
phosphorylation of H2A.X (γH2A.X) (Bartova et al., 2011).
These observations suggest that Oct4 not only function in
transcriptional regulation of pluripotency genes but also
function in genomic integrity maintenance mechanisms of
pluripotent cells. In line with this hypothesis, Fong et al.
(2011) have identified XPC-RAD23B-CETN2 (XPC) nucleotide
excision repair machinery as a stem cell co-activator complex
(SCC) for Oct4 and Sox2 mediated transcriptional regulation
and suggested the involvement of this multi-protein complex
in safeguarding the genomic integrity (Fong et al., 2011).
We observed a very high level of spontaneous DNA damage on
the basis of high levels of γH2A.X in unstressed Zfp819-KD
cells, indicating that these cells are inefficient in DNA damage
repair or more prone to DNA damage. In this context, the
observed upregulation ofOct4 in Zfp819-KD cells might lead to
efficient recruitment of Oct4 to the sites of DNA damage
and strive to maintain the genomic integrity. In contrast,
the upregulation of various differentiation marker genes in
Zfp819-KD cells might indicate that the genomic integrity
compromised cells might undergo differentiation mediated
apoptosis (Lin et al., 2005). Then, we induced DNA damage in
these cells and found the prolonged presence of DNA damage
foci, supporting the assumption that Zfp819-KD cells are
inefficient in repairing the damage. Similar to these results,
Chd4-deficient cells were shown to have reduced DNA damage
repair ability (Smeenk et al., 2010), suggesting that both
Zfp819 and Chd4 might have overlapping function. Further
1057Zfp819, a novel pluripotency-elated geneexperiments aimed at identification of Zfp819 targets and
in-depth characterization of identified interaction proteins
might provide the functional role of Zfp819 in regulation of
pluripotency and differentiation networks.
Conclusions
In summary, our current study identified Zfp819 as a novel-
pluripotency related gene and shows its function in regula-
tion of ERV expression in pluripotent stem cells. In support
of these findings, we identified the interaction of Zfp819
with KAP1, a universal co-repressor of KRAB proteins, which
function in suppression of ERVs. Our findings thus highlight that
Zfp819 functions in genomic integrity maintenance mecha-
nisms of ESCs through its interaction with KAP1 and Chd4.
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